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Abstract: Glycosylation of the surface glycoproteins of influenza A virus is associated with several viral properties such 
as receptor binding and susceptibility to neuraminidase inhibitors. In this study, we evaluated the detailed structures of  
N-glycans derived from the same influenza virus strain A/Memphis/1/71 (H3N2) grown in different host cells, i.e., 
Madin-Darby canine kidney (MDCK) cells and embryonated eggs. Although both influenza virus isolates expressed neu-
tral and sulfated oligosaccharides, their detailed profiles were significantly different. In contrast, N-glycosylation profiles 
of the influenza virus isolate from MDCK cells were highly homologous with those of desialylated N-glycans derived 
from its host cells. These data demonstrate that the glycosylation of influenza viruses is governed by their host cells. 
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INTRODUCTION 

 Influenza is one of the most widely-distributed zoonotic 
infectious diseases in the world, and its pathogen, the influ-
enza virus, can be isolated from various animals including 
humans [1,2]. The envelopes of the influenza viruses have 
two spike glycoproteins: hemagglutinin (HA) and neura-
minidase (NA). The HA spike glycoprotein is responsible for 
the binding of the virus to host cell receptors, sialo-sugar 
chains of glycoproteins and glycolipids, and also for the re-
moval of the viral envelope by fusion between the cellular 
endosomal/lysosomal and viral membranes [1]. The NA 
spike glycoprotein exhibits sialidase activity that cleaves 
sialic acid from viral receptor sialo-sugar chains. This proc-
ess is essential for virus budding from the host cell mem-
branes. Despite N-glycosylation of both HA and NA, the 
mature, active influenza virion’s envelope does not possess 
sialic acid [3]. 
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 The N-linked oligosaccharides of enveloped viruses play 
a role in viral activities, such as receptor binding [4-6], 
membrane fusion [7], viral replication and growth [8,9], and 
translational folding and transport process of viral proteins 
[10,11] . Structural studies indicated that the HA derived 
from A/WSN/33 (H1N1) and A/Hong Kong/1/68 (H3N2) 
strains grown in Madin-Darby Bovine Kidney (MDBK) cells 
exhibited different N-glycosylation profiles [12,13]. In addi-
tion, N-glycans of H3N2 viruses grown in different host cells 
have been demonstrated to have distinct susceptibilities to 
endoglycosidases H and F [14]. These findings indicate that 
the N-glycosylation profiles of influenza viruses depend on 
their host. However, no study has yet been reported to com-
pare N-glycosylation profiles of the same viral strains grown 
in different host cells. In view of this situation, we herein 
describe the detailed structures of N-glycans derived from 
distinct virus isolates grown in embryonated eggs and 
Madin-Darby canine kidney (MDCK) cells. The embryo-
nated egg has been one of the most widely used vehicles for 
production of influenza virus vaccines. On the other hand, 
MDCK cells have been utilized for culturing and isolation of 
influenza viruses and their infection experiments in laborato-
ries, because viral mutation seldom occurs during passage in 
the cells. N-glycosylation profiles of these virus isolates are 
provided with linkage information based on multi-
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dimensional HPLC mapping in conjunction with mass spec-
trometric (MS) data.  

MATERIALS AND METHODOLOGY 

Materials 

 Materials used for the experiments were purchased from 
the sources indicated below: Glycoamidase A from sweet 
almond, -galactosidase and -N-acetylhexosaminidase from 
jack bean were purchased from Seikagaku Kogyo Co. (To-
kyo, Japan). -Galactosidase from green coffee bean was 
purchased from Oxford Glycosystems Inc. (Bedford, MA). 
-Sialidase from Arthrobacter ureafaciens was purchased 
from Nacalai Tesque (Kyoto, Japan). -2,3-Sialidase from 
Salmonella typhimurium was purchased from Takara Bio 
Inc.(Otsu, Japan). Trypsin and chymotrypsin were purchased 
from Sigma (St Louis, MO, USA). The PA-derivatives of 
isomalto-oligosaccharides (4–20 glucose residues) and those 
of N-linked oligosaccharides having code numbers M4.1, 
M5.1, M6.1, M7.1, M7.2, M8.1, M8.2, M9.1, H5.12, H4.12, 
100.4, 200.1, 200.3, 200.4, 200.41, 200.42, 200.43, 210.2, 
210.3, 210.4, 210.41, 210.41, 210.42, 210.43, 201.4, 201.41, 
211.2, 211.3, 211.4, 211.41, 211.42, 211.43, 300.1, 311.1, 
300.22, 300.8, 310.8, and 311.8 in the GALAXY database 
(http://www.glycoanalysis.info/galaxy2/ENG/index.jsp) 
[15,16], were purchased from Seikagaku Kogyo Co. and 
GLYENCE Co.(Nagoya, Japan). The PA-oligosaccharides 
sulfated at the C6 position of N-acetylglucosamine residues 
(code nos. 1S1-200.4, 1S2-200.4, 1S1-200.41, 1S1-210.4, 
1S2-210.4, 1S1-210.1, 1S2-210.1, 1S1-211.4, and 1S1-
211.41) were prepared as described in a previous study [17].  

Virus Preparation 

 The influenza virus strain A/Memphis/1/71 (H3N2) used 
in this study were propagated in 10-day-old embryonated 
chicken eggs or in MDCK cells the in serum free medium, 
Hybridoma-SFM (Invitrogen, Carlsbad, CA) containing ac-
etylated trypsin (2.0 μg/ml) and purified as described previ-
ously [18,19]. 

Fetuin Binding Assay 

 Fetuin-binding activity of influenza A viruses grown in 
embryonated eggs and MDCK cells was determined by a 
solid-phase binding assay. Fifty microliters of fetuin 
(1 mg/ml; Sigma) was added to wells of microtiter plates 
(F96 Maxisorp; Nalge Nunc, Wiesbaden, Germany) and in-
cubated at 4°C for 5 h. After the plates were washed five 
times with phosphate-buffered saline (PBS), the remaining 
binding site on the wells was blocked with 250 μl of PBS 
containing 0.01% Tween 20 (T-PBS) at 4°C for 12 h. After 
the plates were washed five times with T-PBS, 50μl of each 
influenza A virus suspension [1-1024 HAU (hemagglutina-
tion units)] in T-PBS was added to the wells and incubated 
on ice for 3 h. As a control, fetuin-coated wells were incu-
bated without viruses. Unbound viruses were removed by 
washing with T-PBS. Fifty microliters of rabbit anti-
A/Memphis/1/71 (H3N2) antibody diluted 1:200 with T-PBS 
was added to the wells. After incubation on ice for 2 h, the 
plates were washed five times with T-PBS and again incu-
bated on ice for 2 h with 50μl of horseradish peroxidase-
conjugated protein A (Sigma) diluted 1:200 with T-PBS. 

After the plates were washed five times with T-PBS, the 
amount of bound virions was determined by measuring the 
absorbance at 492 nm with O-phenylenediamine reagent as 
previously described [20]. 

HPLC Mapping Method 
 All experimental procedures, including the delipidation 
of influenza A viruses and MDCK cells, chromatographic 
conditions, glycosidase treatments, and the matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometric 
(MALDI-TOF-MS) technique, have been described previ-
ously [17,21,22]. The delipidated extract was proteolyzed 
with chymotrypsin and trypsin mixture and digested with 
glycoamidase A to release N-glycans. After peptide removal, 
the reducing ends of the N-glycans were derivatized with 2-
aminopyridine. The mixture of PA-derivatives of the N-
glycans was separated by HPLC on a TSK gel DEAE-5PW 
column (Tosoh, Tokyo, Japan). The fractionated PA-glycans 
were then individually separated and identified sequentially 
on a Shim-pack HRC-ODS column (Shimadzu, Kyoto, Ja-
pan) and on a TSK-gel Amide-80 column (Tosoh, Tokyo, 
Japan). The identification of N-glycan structures was based 
on their elution positions on these three types of columns 
compared with PA-glycans in the GALAXY database 
[15,16]. The structures of the PA-glycans that are not regis-
tered in the GALAXY database were characterized by HPLC 
mapping in conjunction with exoglycosidase treatments, 
desulfation, and MALDI-TOF-MS analysis with an 
AXIMA-CFR MALDI-TOF MS spectrometer (Shimadzu). 

 Parts of the PA-glycans derived from the MDCK cells 
were treated with-sialidase before HPLC analysis. 

RESULTS AND DISSCUSSION 

 Recently, it has been reported that the glycosylation of 
influenza HA affects receptor binding and immune response 
[23,24]. In this study, we compared fetuin-binding activities 
between the influenza A virus isolates grown in MDCK cells 
and embryonated eggs. As shown in Fig. (1), the MDCK-
derived viruses exhibited a higher affinity for fetuin than 
those originating from embryonated eggs. Since both virus 
isolates shared identical amino acid sequences of the spike 
glycoproteins, it is most likely that the observed difference in 
fetuin-binding activity is attributed to their distinct glycosy-
lation profiles. Hence, we conducted N-glycosylation profil-
ing of these virus preparations along with the host MDCK 
cells. 

 N-glycans were liberated from the protein extracts of 
influenza A viruses grown in different host cells (embryo-
nated eggs and MDCK cells) and MDCK cells by glycoami-
dase A, labeled with 2-aminopyridine, and then subjected to 
DEAE column chromatography. Influenza virus isolates 
from the different host cells showed both neutral and anionic 
oligosaccharides (Fig. 2A and 2B). As shown in Fig. (2C), 
the N-glycans derived from both virus isolates comprised 
approximately 90% neutral and 10% anionic oligosaccha-
rides. MALDI-TOF-MS data indicated that all anionic oligo-
saccharides were sulfated but not sialylated. These data are 
consistent with previous reports [3]. To compare the N-
glycans expressed in the virus with that in its hosts, we ana-
lyzed N-glycosylation of MDCK cells. In the DEAE profile 
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Fig. (1). Binding of influenza A virus isolates to fetuin.  

The binding of influenza viruses grown in embryonated eggs (open circle) and MDCK cells (filled square) were measured by a solid-phase 
binding assay. The amount of bound virions was determined by measuring the absorbance at 492 nm with O-phenylenediamine reagent.  

 

Fig. (2). HPLC profiles of PA-glycans, derived from influenza viruses and the host cells, on the DEAE column. Chromatograms of PA-
oligosaccharides derived from influenza A viruses grown in embryonated eggs (A) and in MDCK cells (B), and host MDCK cells (D and E). 
(C) The ratio of neutral and anionic oligosaccharides was calculated from the peak intensity. MALDI-TOF-MS data indicated that all anionic 
glycans in the influenza viruses were sulfated. The N-glycans derived from MDCK cells were applied to a DEAE column before (D) and 
after (E) -sialidase treatment. S1, S2, S3, and S4 indicate the fractions that contain mono-, di-, tri-, and tetra-sialyl oligosaccharides. 

derived from the delipidated MDCK cell extract, several 
anionic fractions were detected because of sialylation (Fig. 
2D). To compare sulfation in the two virus preparations, the 
PA-glycan mixture was subjected to -sialidase treatment. 
The desialylated product was applied to the DEAE column 
to fractionate neutral and sulfated oligosaccharides (Fig. 2E).  

 The neutral and sulfated oligosaccharide fractions de-
rived from the two different virus preparations and the 
MDCK cells were applied individually to the ODS column 
(Fig. 3A-F). Subsequently, the individual fractions separated 
from the ODS column were applied to an amide column. We 
isolated neutral and anionic oligosaccharides and recorded 
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the elution times of these PA-glycans on the ODS and amide 
columns. The PA-oligosaccharides were identified on the 
basis of correspondence of their elution data with those in 
the GALAXY database. For example, the major N-glycan 
corresponding to peak 1 was eluted at 4.9 glucose unit (GU) 
on the ODS column and at 8.9 GU on the amide column. The 
elution data set was in good agreement with those of a 
known reference N-glycan, Man--(1→2)Man--(1→6)-[ 
Man--(1→3)-]Man--(1→6)-[Man--(1→2)Man--
(1→2)-Man--(1→3) -]Man--(1→4)-GlcNAc--(1→4)-
GlcNAc-PA (code no. M8.1 in the GALAXY database). By 
co-chromatography using the standard PA-glycans and 
MALDI-TOF-MS analysis, the structure of this PA-
oligosaccharide was confirmed. PA-glycans corresponding 
to the peaks N-16-1, N-24-2, N-28-1, N-29-2, and all sul-
fated fractions, except A-e-2, A-g-1, A-m-1, and A-n-1, were 
not registered in the GALAXY database. Accordingly, these 
PA-glycans were trimmed by exoglycosidase and HCl treat-
ments to become identical to known glycans [17,21,22]. 
Considering the specificities of the exoglycosidases used and 
the MALDI-TOF-MS data, the original structures of these 
PA-glycans were unambiguously determined except for the 

sulfated position on the non-reducing terminal -galactose 
residues (Table 2). Sulfation at the C3 position of galactose 
and C6 position of N-acetylglucosamine residues has been 
reported in the influenza virus isolates from MDCK cells and 
its host [25]. This report strongly suggests that sulfation also 
occurred at the C3 position of the non-reducing terminal 
galactose residues in the specimens used in the present study. 

 Tables 1 and 2 summarize the structures and incidences 
(mol%) of the identified N-glycans. HPLC mapping revealed 
the detailed structures of N-glycans on influenza virus grown 
in embryonated eggs and MDCK cells, which exhibited dis-
tinct N-glycosylation patterns. For example, the high-
mannose-type glycan corresponding to peak N-2-2 was 
much more prevalent in viruses grown in the MDCK cells 
(10.2%) than in those grown in the embryonated eggs 
(2.3%). The Lewis X-containing oligosaccharides (e.g.,N-
12-1) were detected only in the egg-derived viruses, while 
the galabiose structures (e.g., N-16-1) were identified only in 
the virus isolate from MDCK cells. In addition, the profiles 
of the sulfated oligosaccharides different between the two 
virus isolates (Table 3).  
 

 

Fig. (3). HPLC profiles on the ODS column of PA-glycans derived from influenza viruses and the host cells. Chromatograms of PA-
oligosaccharides derived from influenza A viruses grown in embryonated eggs (A and B) and MDCK cells (C and D), and the host MDCK 
cells treated by sidalidase (E and F). The fractions of the neutral and sulfated oligosaccharides were separated on the DEAE column in ad-
vance. A, C, and E, neutral N-glycans; B, D, and F, sulfated N-glycans. In A and C, the peaks were numbered in order of GU (ODS), with 
missing numbers 11, 21, and 30, which correspond to the fractions detected only in the protein extracts from the MDCK cells (in E). In B, D, 
and F, peaks were recorded alphabetically in order of elution. Asterisks indicate the fractions containing no detectable PA-oligosaccharides. 
B was adapted from the literature [16]. 
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Table 1. HPLC Data and Relative Quantities of the Neutral N-glycans Derived from Two Different Virus Preparations and the 
Desialylated, Non-sulfated PA-oligosacchraides Derived from MDCK Cells 

GU(ODS) Relative Quantity (%)a 

Peaks 
GU(amide) 

PA-Oligosaccharides 
Virus (egg) Virus (MDCK) 

Host 
(MDCK) 

N-1-1 4.9 

8.9 

 

8.7 18.3 11.6 

N-2-1 5.1 

8.0 
 

13.3 10.6 4.2 

N-2-2 5.1 

9.7 

 

1.9 8.4 3.4 

N-3-1 5.4 

8.5 
 

― 8.4 3.4 

N-4-1 5.9 

7.9 

 

― 2.4 3.5 

N-5-1 6.1 

7.0 
 

3.2 6.9 4.6 

N-6-1 7.1 

6.1 

 

3.3 8 14.4 

N-7-1 7.5 

5.1 
 

3.1 ― ― 

N-8-1 7.9 

7.4 

 

2.8 3.9 1.4 

N-9-1 8.1 

6.4 
 

― 2.3 0.7 

N-10-1 8.1 

5.7 
 

2.3 ― ― 

N-11-1 8.9 

5.1 
 

― ― 3.3 

N-12-1 9.1 

7.4 

 

2.2 ― ― 

N-13-1 10.1 

7.4 
 

0.8 ― ― 
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Table 1. Contd….. 
 

GU(ODS) Relative Quantity (%)a 

Peaks 
GU(amide) 

PA-Oligosaccharides 
Virus (egg) Virus (MDCK) 

Host 
(MDCK) 

N-14-1 10.3 

8.1 

 

― 1.1 ― 

N-15-1 10.5 

7.0 

 

5.3 1.6 5.2 

N-16-1 10.7 

7.5 

 

― 1.0 1.0 

N-17-1 11.3 

9.0 

 

1.0 ― ― 

N-18-1 11.0 

5.5 

 

― 0.8 0.8 

N-19-1 12.8 

8.1 

 

1.9 ― ― 

N-20-1 13.2 

8.3 

 

1.1 1.4 7.7 

N-21-1 13.3 

8.2 

 

― ― 5.6 

N-22-1 13.7 

7.3 

 

1.5 ― ― 

N-23-1 14.4 

7.4 

 

6.1 2.1 2.8 

N-24-1 14.9 

7.2 

 

1.9 ― 1.3 

N-24-2 14.9 

8.1 

 

― 3.0 0.7 

N-24-3 14.9 

10.3 

 

― ― 0.4 
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Table 1. Contd….. 
 

GU(ODS) Relative Quantity (%)a 

Peaks 
GU(amide) 

PA-Oligosaccharides 
Virus (egg) Virus (MDCK) 

Host 
(MDCK) 

N-25-1 16.1 

8.7 

 

1.8 ― ― 

N-26-1 17.7 

9.2 

 

0.5 ― ― 

N-26-2 17.7 

8.2 

 

0.8 ― ― 

N-27-1 18.5 

8.7 

 

1.7 1.5 0.6 

N-27-2 18.5 

8.2 
 

1.8 ― ― 

N-28-1 18.9 

9.2 

 

― 1.5 0.7 

N-29-1 20.5 

7.5 

 

6.5 1.6 1.8 

N-29-2 20.5 

8.1 

 

― 0.7 0.4 

N-30-1 22.1 

9.2 

 

― ― 1.5 

Others   9.9 5.5 7.1 

a) Relative quantities were calculated from peak areas of total neutral oligosaccharides in each chromatogram on the ODS column. 

Table 2. HPLC Data and Relative Quantities of the Sulfated N-glycans Derived from Two Different Virus Preparations, and Desia-
lylated, Sulfated PA-oligosacchraides Derived from MDCK Cells 

GU(ODS) Relative Quantity (%)a 
Peaks 

GU(amide) 
PA-Oligosaccharides 

Virus (egg) Virus (MDCK) Host (MDCK) 

A-a-1 6.2 

5.2 

 

0.2 ― ― 

A-a-2 6.4 

5.7 

 

0.1 ― ― 
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Table 2. Contd….. 
 

GU(ODS) Relative quantity (%)a 
Peaks 

GU(amide) 
PA-Oligosaccharides 

Virus (egg) Virus (MDCK) Host (MDCK) 

A-b-1 8.0 

6.9 

 

0.7 ― ― 

A-c-1 8.3 

5.8 

 

― 0.3 ― 

A-c-2 8.3 

5.9 
 

― 0.1 ― 

A-d-1 8.4 

6.2 

 

3.5 ― ― 

A-e-1 

 

9.4 

5.4 

 

0.6 0.2 0.6 

A-e-2 9.4 

6.2 

 

0.2 ― ― 

A-f-1 10.3 

5.9 
 

― 0.4 0.9 

A-g-1 10.8 

5.8 

 

0.8 ― ― 

A-h-1 11.6 

6.6 

 

0.7 ― ― 

A-i-1 12.8 

6.6 

 

1.9 ― ― 

A-j-1 13.2 

7.0 

 

― 0.5 0.9 

A-k-1 13.6 

9.0 

 

― 0.4 1.3 

A-l-1 14.0 

6.1 

 

― 0.3 1.2 
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Table 2. Contd….. 

GU(ODS) Relative quantity (%)a 
Peaks 

GU(amide) 
PA-Oligosaccharides 

Virus (egg) Virus (MDCK) Host (MDCK) 

A-l-2 

 

14.0 

6.8 

 

― 0.1 ― 

A-m-1 14.3 

6.2 

 

0.6 ― ― 

A-n-1 16.2 

7.7 

 

1.3 ― ― 

A-o-1 17.8 

7.7 

 

0.9 ― ― 

A-p-1 17.9 

7.3 

 

― 0.8 0.7 

A-p-1 18.4 

7.5 

 

― 0.3 ― 

A-q-2 18.4 

8.2 

 

― 0.2 0.3 

A-q-3 18.4 

9.0 

 

― 0.2 ― 

A-r-1 19.1 

8.1 

 

― 0.3 0.7 

A-r-2 19.1 

8.9 

 

― 0.3 ― 

A-s-1 21.2 

6.2 

 

0.3 0.8 1.2 

A-t-1 23.0 

7.9 

 

― 0.3 ― 

A-t-2 23.0 

8.8 

 

― 0.1 ― 

Others   4.8 3.4 4.0 

a) Relative quantities were calculated from peak areas of total sulfated oligosaccharides in each chromatogram on the ODS column. 
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Table 3. Incidence of N-glycans with Specific Non-reducing Terminal Structure 

Molar Ratio to Total N-glycans (%) 
Non-reducing Terminal Structures 

Virus (egg) Virus (MDCK) Host (MDCK) 

Galabiose ―a 7.4 3.8 

Sulfated N-acetylglucosamine 10.2 ― ― 

Sulfated galactose 1.6 5.6 7.8 

a) Below the detection limit. 

 As shown in Tables 1 and 2, the MDCK cells and the 
virus grown in this host share considerably common N-
glycans, characterized by the galabiose structures (e.g., N-
16-1), which are not exhibited by the virus from embryo-
nated eggs (Table 3). Because influenza viruses do not have 
genes that are responsible for the biosynthesis of the sugar 
chains of glycoproteins and glycolipids, glycosylation of 
their envelopes is apparently determined by the enzymes 
encoded by the host genes, with the exception of NA.  Here 
we demonstrated that the N-glycosylation profiles of influ-
enza viruses are highly homologous with those of desialy-
lated N-glycans derived from their host cells.  

 Our data strongly indicates that hosts govern the N-
glycosylation of influenza viruses, giving rise to host-
specific glycans possessing Lewis X, galabiose, and sulfated 
groups. This may affect the bind affinities as well as speci-
ficities of influenza viruses to the sialo-receptors and the 
immune responses elicited by their infection.  
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